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Abstract Unicellular organisms such as yeast have
evolved to survive constant fluctuations in their external
surroundings by rapidly adapting their internal systems
to meet the challenges of each new environment. One as-
pect of this cellular adaptation is the reorganization of
genomic expression to the program required for growth
in each environment. The reprogramming of genomic
expression can be unveiled using DNA microarrays,
which measure the relative transcript abundance of es-
sentially every gene in an organism’'s genome. Charac-
terizing environmentally triggered gene expression
changes provides insights into when, where, and how
each gene is expressed and offers a glimpse at the physi-
ological response of the cells to changes in their sur-
roundings. This review will focus on the genomic ex-
pression responses of the budding yeast Saccharomyces
cerevisiae to diverse environmental changes, highlight-
ing some of the themes that have emerged from the col-
lection of published yeast genomic expression studies.
The results of these studies present insights as to how
yeast cells sense and respond to each new environment,
and suggest mechanisms that this organism uses to sur-
vive stressful environmental changes.
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Adversity has the effect of eliciting talents, which in prosperous
circumstances would have lain dormant.
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Life is stressful

A constant challenge for unicellular organisms in nature
is maintaining internal homeostasis despite abrupt and
dramatic fluctuations in the external conditions. Sudden
changes in the external environment can perturb the in-
ternal system of the cells, disrupting cellular functions
and preventing growth. Therefore, microorganisms must
rapidly adapt to their surroundings by adjusting their in-
ternal milieu to function under the new conditions. Al-
though cells growing under optimal conditions have
been most carefully studied, the development of genomic
analyses allows us to begin to understand the regulation
and extent of responses under suboptimal conditions, the
conditions that have shaped life over evolutionary time.

Yeast cells have evolved to survive sudden, often
drastic and stressful changes in their environment. Some
stressful conditions have been well studied experimental -
ly, including growth at temperatures above or below
around 25°C, growth in a medium of high osmolarity
and ionic strength, exposure to toxic chemicals such as
heavy metals, oxidizing agents, and DNA-damaging
drugs, starvation for a variety of nutrients, irradiation,
desiccation, and others. Many of these stressful condi-
tions have been studied in the context of industrial uses
of yeast, such as bread making and brewing, as these
processes are affected by the response of cells to high
temperatures, chilling, desiccation, and oxidation (Attfield
1997). As we improve our ability to study cellular
responses to external signals, other environmental condi-
tions that are stressful for yeast are likely to be identi-
fied, such as mixed cultivation with other microbes, ex-
posure to microbial signaling molecules, or exposure to
chemicals currently considered to be biologically inert.

In response to a sudden shift in conditions, yeast cells
mount a multifaceted response that involves an often
transient arrest of normal cellular processes during a pe-
riod of reorganization of the internal milieu. Clearly, ev-
ery level of cellular organization is involved in respond-
ing to environmental stresses. For example, in response
to glucose starvation, there are cell surface proteins that
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detect the absence of glucose and activate signal-trans-
duction pathways in different cellular compartments
(Johnston 1999; Estruch 2000; Igual and Estruch 2000),
which govern changes in the phosphorylation, localiza-
tion, and activity of proteins (Macfarlane et al. 1999;
Vincent et a. 2001), changes in gene expression (DeRisi
et al. 1997; Gasch et al. 2000) and translation (Fuge et
al. 1994; Ashe et al. 2000; Kuhn et al. 2001), accumula-
tion of stress-protectant molecules (Francois and Parrou
2001), and degradation of proteins and RNA (Albig and
Decker 2001; Vasudevan and Peltz 2001). Thus, for the
cell to respond effectively, changes in all of the cellular
components must be completely integrated.

Global analyses

Although there is a great deal known about stress re-
sponses, there are many details that are not completely
understood. The development of global analyses allows
us to begin to understand the regulation, coordination,
and extent of different aspects of the responses to sub-
optimal conditions. DNA arrays can be used to assess a
variety of cellular features, including transcript abun-
dance, localization, and polysome association (Diehn et
al. 2000; Takizawa et a. 2000; Kuhn et al. 2001), as well
as the presence and location of DNA-binding proteins
bound throughout the genome (Ren et al. 2000; lyer et
al. 2001; Lieb et al. 2001; Simon et al. 2001). The avail-
ability of the S. cerevisiae deletion set with tagged gene
deletions (Ross-Macdonald et al. 1999; Winzeler et al.
1999) makes it possible to identify, among all the non-
essential genes in yeast, those genes whose products are
required for specific cellular processes (Chan et al. 2000;
Bianchi et al. 2001; Birrell et a. 2001; Ni and Snyder
2001; Ooai et al. 2001) or contribute to stress resistance in
a dose-dependent manner (Giaever et al. 1999). New ap-
proaches to the analysis of synthetic lethality (Tong et al.
2001), protein-protein interactions (Uetz et al. 2000; Ito
et al. 2001; Gavin et al. 2002; Ho et a. 2002), global
tranglation initiation (Blomberg 1995; Norbeck and
Blomberg 1996; Godon et a. 1998; Lee et al. 1999;
Appella et al. 2000), and protein abundance (Haab et al.
2001; Zhu and Snyder 2001; Zhu et a. 2001) increase
the potential for a coordinated group of laboratories to
drill through biological processes to develop a multidi-
mensional, integrated view of how the cell works.

An important aspect of each cellular response to envi-
ronmental change is the reorganization of gene expres-
sion. DNA arrays can be used to measure the relative
transcript levels of essentially every gene in the yeast ge-
nome at any given moment, providing a glimpse of the
genomic expression program. Exploring the dynamic na-
ture of the yeast genome through time-course experi-
ments can illuminate multiple aspects of the cellular re-
sponse without the requirement of a priori knowledge.
For example, hypothetical functions can be assigned to
uncharacterized genes that are expressed similarly to
well-studied genes, and regulatory mechanisms that gov-

ern gene co-expression can be inferred by identifying
conserved sequence motifs, within and adjacent to the
open reading frames, that may be involved in the regula-
tion of gene expression (Eisen et a. 1998; Brown and
Botstein 1999; Tavazoie et al. 1999; Hughes et a. 2000g;
Bussemaker et a. 2001). Furthermore, a picture of the
physiological state of cells can be constructed by consid-
ering the known functions of genes whose expression is
affected under a given set of conditions, implicating cel-
lular processes that mediate or respond to the observed
gene expression changes.

This review will highlight recent advances in our un-
derstanding of the gene expression changes in the bud-
ding yeast S. cerevisiae as cells respond to environmen-
tal stress, focusing on trends that have emerged from the
collection of published yeast genomic expression stud-
ies. Because each genome-scale experiment can produce
so much information and because good datasets will in-
evitably be mined to produce new information for years
to come, we wanted to provide a review of the literature
and to discuss briefly what we see as the future direc-
tions and outcomes of this level of analysis. As more ge-
nomic expression data emerge, in combination with data
from other whole-organism approaches, a dynamic pic-
ture of the integrated cellular response of yeast cells to
environmental change can be constructed. This will al-
low researchers to address questions such as how modu-
lation of stress responses affects fitness, the extent to
which the responses to different stresses overlap, and
whether different cell types have distinct responses to
stress. Ultimately, the integration of genomic data with
data obtained by more classical methods will lead to the
ability not only to predict but also to modify and possi-
bly construct novel responses in yeast and other organ-
isms.

Genomic expression in response to environmental
change

To date, a number of studies have been published that
have examined gene expression in wild-type cells re-
sponding to environmental changes (Table 1). In most of
these experiments, cells were shifted from standard
growth conditions, i.e. 25-30°C in rich or defined medi-
um, to environments thought to be stressful for cells,
such as elevated temperatures, medium containing high
concentrations of salt or sorhitol, acidic or akaline sur-
roundings, and drugs that perturb the cellular redox po-
tential, damage cellular structures, and inhibit enzymatic
activities. In most cases, when cells were shifted to these
environments, they responded with changes in the ex-
pression of hundreds or thousands of genes, revealing
the plasticity of genomic expression. Comparing the ge-
nomic expression programs elicited by different environ-
mental transitions reveals that some of the expression
changes are specific to each new environment, while
others occur in all of the experiments tested and repres-
ent a common response to environmental stress. Features



Table 1 Genomic expression studies characterizing wild-type yeast responses to stress
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Environment References

Heat shocks (Gasch et al. 2000; Causton et al. 2001)
Ethanol shock (Alexandre et al. 2001)

pH extremes

Acid (Causton et al. 2001; Kapteyn et al. 2001)
Alkali (Causton et al. 2001)

Oxidative and reductive stress
Hydrogen peroxide
Menadione

Diamide

Cadmium

DTT

Hyper-osmotic shock

Sorhitol
Potassium/sodium chloride

Starvation

Progression into stationary phase
Amino acid starvation

Nitrogen starvation

Phosphate starvation

Zinc starvation

Copper starvation

Respiration

Petite mutants

Non-fermentable carbon sources
Anaerobic growth

Sporulation

Diverse drug treatments
Exposure to alpha factor

DNA damaging agents
Alkylating agents
lonizing radiation
Double-strand breaks

(Gasch et al. 2000; Causton et al. 2001)
(Gasch et al. 2000)

(Gasch et al. 2000)

(Momose and Iwahashi 2001)

(Gasch et al. 2000; Travers et a. 2000)

(Gasch et al. 2000; Rep et al. 2000; Causton et al. 2001)
(Posas et al. 2000; Rep et al. 2000; Causton et al. 2001; Yale and Bohnert 2001,
S.M. O'Rourke and |. Herskowitz, personal communication)

(DeRisi et a. 1997; Gasch et al. 2000)

(Gasch et al. 2000; Jia et al. 2000; Natarajan et al. 2001)
(Gasch et al. 2000)

(Ogawa et al. 2000)

(Lyons et al. 2000)

(Gross et al. 2000)

(Traven et al. 2001)

(Kuhn et al. 2001)

(Kwast et al. 2002)

(Chu et al. 1998; Primig et al. 2000)

(Bammert and Fostel 2000; Hughes et al. 2000b)
(Spellman et al. 1998; Roberts et al. 2000)

(Jelinsky and Samson 1999; Jelinsky et al. 2000; Gasch et a. 2001; Natarajan et al. 2001)

(De Sanctis et al. 2001; Gasch et al. 2001)
(Leeet al. 2001)

of the common and specific gene expression changes are
discussed below.

The environmental stress response: a common
response to stressful environments

Overal, each genomic expression program is unique to
the features of the environment (see below), however
comparative analysis of the genomic expression respons-
esto diverse environmental changes revealed that the ex-
pression of roughly 900 genes (around 14% of the total
number of yeast genes) is stereotypically altered follow-
ing stressful environmental transitions (Gasch et al.
2000). A similar set of genes was aso identified in are-
lated study (Causton et al. 2001), further indicating the
commonality of these gene expression changes. The
genes that participate in this response, referred to here as
the environmental stress response (ESR), fal into two
groups based on their expression patterns. one group is

composed of around 600 genes whose transcripts are de-
creased in abundance following stressful environmental
transitions (referred to as repressed genes), and a second
group is composed of around 300 genes whose tran-
scripts increase in abundance in response to the transi-
tions (referred to as induced genes; reviewed in Gasch
2002). The genes in these two groups display nearly
identical but opposite changes in gene expression in re-
sponse to essentially all of the conditions tested, suggest-
ing that they are components of the same cellular re-
sponse.

The ESR is initiated in response to many different
stressful environments in a manner that is sensitive to the
degree of cellular stress. When cells are shifted from op-
timal growth conditions to conditions thought to be
stressful for the cell, they respond with changes in ESR
gene expression that are proportional to the magnitude of
environmental change. This correlation was identified
through a series of dosage experiments, in which cells
experiencing a more severe environmental transition re-
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sponded with larger changes in ESR gene expression rel-
ative to cells exposed to a more subtle environmental
change (Gasch et al. 2000; Jelinsky et a. 2000). In con-
trast to sub-optimal transitions, when cells that have
been adapted to alternate environments are returned to
standard growth conditions, they respond with reciprocal
changes in the expression of the ESR genes, indicating
that the response is rapidly alleviated when cells are
shifted to more optimal conditions (Gasch et a. 2000).
Thus, the ESR is initiated in response to stressful envi-
ronments, in proportion to the degree of stress experi-
enced by the cell, making the magnitude of ESR gene
expression changes a useful experimental gauge of the
cellular stresslevel.

Based on the sensitivity of the ESR as well as the
functional roles of the characterized genes in the re-
sponse, it was proposed that the ESR protects critical
functions within the cell during times of stress (Gasch et
al. 2000). More than 70% of the characterized genes
whose expression is repressed as part of the ESR are in-
volved in protein synthesis (Ashburner et a. 2000; Ball
et al. 2000), including genes required for ribosome syn-
thesis and processing, RNA polymerase |- and |11-depen-
dent transcription, and protein translation; many of the
uncharacterized genes in this group are likely to be func-
tionally related. The reduced synthesis of these tran-
scripts and their products may help to conserve energy
while the cell adapts to its new conditions, arole that has
been previously proposed for the reduced expression of
genes encoding ribosomal proteins (Warner 1999). In
contrast to these functionally related genes, the genes
whose expression isinduced in the ESR areinvolved in a
wide variety of cellular processes, including carbohy-
drate metabolism, protein folding and degradation, oxi-
dative stress defense, autophagy, cytoskeletal reorganiza-
tion, DNA-damage repair, and other processes. The
functions of these gene products may protect critical as-
pects of the internal milieu, such as energy reserves, the
balance of the internal osmolarity and oxidation-reduc-
tion potential, and the integrity of cellular structures in-
cluding proteins and DNA. The protection of these fea-
tures by the ESR gene products likely contributes to the
cross-resistance of yeast cells to multiple stresses, in
which cells exposed to a mild dose of one stress become
tolerant of an otherwise-lethal dose of a second stressful
condition (Mitchel and Morrison 1982; Blomberg et al.
1988; Wieser et al. 1991; Flattery-O'Brien et al. 1993;
Schilller et al. 1994; Lewis et al. 1995).

Although initiation of the ESR is a common response
to stressful environments, regulation of ESR gene ex-
pression is condition-specific and is controlled at multi-
ple levels, including transcription initiation, silencing
through chromatin remodeling, and regulated mRNA
turnover (reviewed in Gasch 2002). For example, several
of the transcription factors that control ESR gene expres-
sion are active only under specific conditions: the tran-
scription factors Hsf1p, Hotlp, and Yaplp independently
affect the expression of subsets of ESR genes in re-
sponse to heat shock, osmotic shock, or oxidative stress,

respectively, but are uninvolved in regulating the expres-
sion of these ESR genes under other conditions (Treger
et al. 1998; Rep et a. 1999, 2000; Gasch et a. 2000;
Amoros and Estruch 2001). The so-called “generd
stress’ transcription factors Msn2p and Msndp have
been implicated in regulating many of the induced ESR
genes (Gasch et al. 2000; Causton et al. 2001), athough
the role of these factors also varies under different condi-
tions (Treger et al. 1998; Rep et al. 1999, 2000; Garreau
et a. 2000; Gasch et a. 2000; Amoros and Estruch
2001). A number of condition-specific signaling path-
ways have been implicated in mediating the coordinated
expression of the induced and repressed ESR genes, in-
cluding the protein kinase C MAP kinase pathway fol-
lowing secretion defects and cell wall damage (Jung and
Levin 1999; Nierras and Warner 1999; Li et al. 2000;
A.P. Gasch and PO. Brown, unpublished data), the
MEC1 pathway following DNA damage (Gasch et al.
2001), and the Ssklp/Stellp-dependent pathways and
the MAP kinase Hoglp in response to osmotic stress
(Posas et a. 2000; Rep et al. 2000; S.M. O’ Rourke and I.
Herskowitz, personal communication). Pathways that
suppress the ESR, including the TOR and protein kinase
A pathways, have also been implicated, athough the
conditions under which these signaling networks govern
ESR gene expression have not been defined (Marchler
et al. 1993; Klein and Struhl 1994; Neuman-Silberberg
et al. 1995; Gorner et a. 1998; Thevelein and de Winde
1999; Norbeck and Blomberg 2000; Thevelein et al.
2000; Barbet et al. 1996; Beck and Hall 1999; Powers
and Walter 1999). Each of the pathways that control ESR
gene expression is known to be activated by specific cel-
lular signals, and consistently, most of the pathways test-
ed govern ESR initiation only under the conditions that
trigger their activity (Nierras and Warner 1999; Gasch et
al. 2001). Thus, despite the commonality of ESR initia-
tion, the program is regulated by condition-specific
mechanisms, allowing the cell to activate the ESR in re-
sponse to a wide variety of upstream signals while main-
taining specificity in how the cell senses and otherwise
responds to each new environment.

Specificity of genomic expression programs

The precision with which the cell responds to each envi-
ronment is evident in the differences in the genes whose
expression is affected, as well as the magnitude and dy-
namics of this expression. In addition to triggering ESR
initiation, many of the environmental transitions provoke
expression changes in highly specialized genes. For ex-
ample, in response to conditions that damage DNA, the
cell responds in part by inducing a small subset of genes
that are specifically enlisted in the cellular response to
the damage, presumably to aid in the repair of the ge-
nome (Jelinsky and Samson 1999; Jelinsky et al. 2000;
Gasch et al. 2001; Lee et al. 2001). When zinc, copper,
or phosphate are depleted from the medium, the cellsin-
crease the expression of genes encoding high affinity



transporters of these compounds to scavenge the limited
nutrients, while inducing genes that mobilize intracellu-
lar zinc, copper, or phosphate (Gross et al. 2000; Lyons
et al. 2000; Ogawa et a. 2000). In contrast, depletion of
external amino acids stimulates the repression of genes
encoding specific amino acid transporters and induction
of genes encoding general-specificity transporters
(Gasch et al. 2000); amino acid starvation also leads to
the induction of genes that encode amino acid biosyn-
thetic enzymes (Gasch et a. 2000; Jia et a. 2000;
Natargjan et al. 2001).

Genomic expression programs triggered by environ-
mental changes also exhibit distinctions in the kinetics of
each response. Some environmental transitions provoke
immediate reaction of the cells, with gene expression
changes occurring within minutes of the transition. Heat
shock, for example, which can rapidly denature proteins,
results in changes in gene expression within minutes of
the shock (Werner-Washburne et al. 1989; Gasch et al.
2000; Causton et al. 2001). In contrast, in response to
drugs that prevent proper secretion of proteins through
the endoplasmic reticulum (ER), the expression of a
small number of genes (involved in the response to un-
folded proteins in the ER) is induced early, but the ma-
jority of observed gene expression changes occur hours
after drug exposure, perhaps due to secondary effects of
the drugs (Gasch et a. 2000; Travers et al. 2000). Differ-
ent levels of the same stress can also cause differencesin
response kinetics: cells exposed to a severe dose of sodi-
um chloride (0.8 M) respond with delayed timing com-
pared to cells exposed to a low salt concentration
(0.4 M), for reasons that are not understood (Posas et al.
2000). Furthermore, the rate of each response can be af-
fected by the state of the cells before the environmental
transition (Cheng and Yang 1996; Siderius et a. 1997,
2000). These examples underscore the value of time-
course experiments and, potentially, the study of these
responses during different physiological or developmen-
tal states for complete understanding of cellular respons-
esto a particular stress.

Many of the environmental changes studied to date
present pleiotropic challenges for the cell. Comparison
of the resulting genomic expression programs suggests
that cells respond independently to each feature of the
new environment to provide a composite genomic ex-
pression program unigue to the combined characteristics
of the new conditions. When cells are exposed to two, si-
multaneous environmental changes, for example a mild
temperature shift combined with hypo-osmotic shock,
the resulting genomic expression program largely ap-
proximates the sum of the gene expression responses to
each individual transition (Gasch et al. 2000). This sug-
gests that the cell responds independently to the effects
of temperature shift and to the challenges of hypo-os-
motic shock. Another example of a composite genomic
expression program is the response to the methylating
agent methylmethane sulfonate (MMS), which methyla-
tes DNA, proteins, glutathione, and likely other cellular
components (Paik et al. 1984; Mizumoto et al. 1993;
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Wilhelm et al. 1997). Cells exposed to MMS induce the
expression of a number of genes specific to DNA dam-
age, but they also trigger expression changes in genes in-
volved in protein folding and degradation, oxidative
stress defense, amino acid metabolism, and aerobic pro-
cesses (Jelinsky and Samson 1999; Jelinsky et al. 2000;
Gasch et al. 2001; Natargjan et al. 2001) through signal-
ing networks that are distinct from the DNA-damage
specific signaling pathway (Gasch et a. 2001). These ex-
amples suggest that the cell regulates its genome with
multiple, independent regulatory systems to orchestrate a
precise genomic expression program that is customized
to each environment.

Genomic analyses of starvation/stationary phase

Starvation for nutrients may be the most common stress
experienced by microorganisms, yet the literature in this
area still does not provide a complete understanding of
the cellular response to starvation and re-feeding. Imme-
diate responses to starvation have been relatively amena-
ble to both genetic and molecular analyses, but longer-
term responses to starvation have been more intractable,
primarily because metabolic rates and physiological re-
sponses are slower in these cells. Very few mutants are
known that lose viability after long-term starvation and
none of the genes described as “essential” by the Yeast
Deletion Consortium (Winzeler et al. 1999) is required
for long-term survival, i.e. after 7 or more days in cul-
ture.

Starvation is a complex, albeit common, stress for mi-
croorganisms. The nutrients for which a cell can be
starved include carbon and nitrogen, with other elements
such as phosphate, sulfur, and metals being less com-
monly evaluated. Starvation for specific nutrients pro-
vides cues for developmenta responses throughout the
fungi, e.g. nitrogen starvation is frequently required for
mating or sexual development (Nelson and Metzenberg
1992; Alspaugh et al. 1997; Wang et al. 2000). Starva-
tion for carbon is the cue for haploid or diploid yeast cul-
tures to enter stationary phase (Werner-Washburne et al.
1993, 1996) and, under certain conditions, for haploid
yeast cells to grow invasively (Cullen and Sprague
2000). In the presence of a poor carbon source, starve-
tion for nitrogen induces sporulation and in the presence
of agood carbon source stimulates pseudohyphal growth
(Pan et al. 2000; Zaragoza and Gancedo 2000). One
guestion in the study of starvation responses is whether
al starvations lead to the same long-term physiological
state. Earlier work has led to the conclusion that cells
starved of nitrogen do not enter a quiescent state (Granot
and Snyder 1993), but the basis for the difference be-
tween arrests induced by carbon starvation versus nitro-
gen starvation is not known. We anticipate that genomic
analysis will change this.

The process of entry into stationary phase, best stud-
ied in rich medium (2% glucose) at 30°C, exhibits sever-
al distinct phases. When quiescent cells are transferred to
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fresh medium, there is a lag phase as they adjust to the
new growth conditions and exit the quiescent state. This
is followed by the exponentia phase, during which
growth rates are maximal. When glucose is depleted
from the medium, cultures go through the diauxic shift
as cells transiently arrest growth and reorganize their
metabolism in order to obtain energy from non-ferment-
able carbon sources, such as ethanol and acetate. Once
cell division is reinitiated, cultures enter the post-diauxic
phase, a period of slow growth that can last days, during
which time the culture density doubles. In this phase,
growth is supported by non-fermentable carbon sources.
Cell cultures enter stationary phase between 5 and 7 days
after inoculation, when carbon sources are exhausted and
culture densities cease to increase (Werner-Washburne et
al. 1993, 1996). Each of these stages is marked by differ-
ent changes in gene expression. At the diauxic shift tran-
sition, cells induce the expression of thousands of genes,
including those encoding proteins involved in respira-
tion, fatty acid metabolism, and the glyoxylate cycle,
while initiating the ESR (DeRisi et a. 1997; Gasch et al.
2000; M. Werner-Washburne, unpublished data). Most of
these expression differences persist through the post-
diauxic phase, but many subside slightly as the cells enter
stationary phase. A large number of gene expression
changes occur late in stationary phase, including the re-
duced expression of many genes involved in secretion,
membrane and cell wall synthesis, amino acid metabo-
lism, cell-cycle progression, and other processes re-
quired for growth and division. A subset of genes is in-
duced late in stationary phase (including SNZ1), indicat-
ing that gene expression changes occur late in response
to nutrient starvation and may be important to cell sur-
vival under these conditions (Braun et al. 1996; Padilla
et al. 1998). Asaresult of genomic analyses, many more
co-expressed genes have now been identified, contribut-
ing to our understanding of the processes that occur dur-
ing each phase of the progression to stationary phase.

Another prevalent stress in nature is nitrogen starva-
tion. Gasch and colleagues have published 32 microarray
experiments following the response of cells to long-term
nitrogen starvation in synthetic medium and progression
to stationary phase in rich medium, over a period of
5 days (Gasch et al. 2000). The number of time points
and the availability of two sets of data from entry into
stationary phase in the SGD Expression Connection
(http://genome-www4.stanford.edu/cgi-bin/SGD/expres-
sion/expressionConnection.pl) make this dataset ex-
tremely important for beginning to understand the dy-
namics of this processin budding yeast.

In examining this data, it is evident that many of the
gene expression changes are distinctly different in re-
sponse to nitrogen starvation compared with entry into
stationary phase in rich medium. When cells were shift-
ed to synthetic medium with limited nitrogen sources
(and lacking amino acids), they rapidly induced the ex-
pression of genes involved in amino acid biosynthesis
and allantoin utilization and initiated the ESR; within a
few hours, the external nitrogen sources were depleted,

and the expression of many genes was induced, includ-
ing those encoding proteins involved in respiration and
carbon metabolism, sporulation, pseudohyphal growth,
as well as many uncharacterized gene products (Gasch et
al. 2000). Many of the gene expression changes that oc-
curred late in the time course, during which time glucose
became exhausted from the medium, were similar to
those seen for cells approaching stationary phase, sug-
gesting that the nitrogen-starved cells eventually became
starved for carbon and that some of the gene expression
differences may have been due to the combined effects
of carbon and nitrogen starvation (C.M. Kao, persona
communication).

Because nitrogen-starved cells were grown in synthet-
ic medium and stationary-phase cultures were grown in
rich medium, some of differences in gene expression un-
der the two conditions may be the result of differencesin
the media. However, other differences are likely to be
due to the cells' specific responses to carbon versus ni-
trogen starvation. Identifying those genes whose change
in expression is specifically due to each starvation re-
gime is critical to identifying the different switches trig-
gered by long-term nitrogen versus carbon starvation.
Identifying those genes whose expression changes as a
result of incubation in synthetic medium as compared
with rich medium will also yield important information,
because cells in synthetic complete medium are unable
to survive for long periods of time when grown in
continuous culture, i.e. to growth arrest (M. Werner-
Washburne, unpublished data). If the corresponding ex-
periments for growth of wild-type cells in synthetic com-
plete medium were available, it would be possible to de-
termine those genes that were affected specifically by ni-
trogen or carbon limitation or by growth in synthetic
complete medium.

An interesting question is whether quiescent yeast
cells are actually able to mount a response at the level of
gene expression. One study following the response of
starved cells to MM S approached this question (Jelinsky
et a. 2000). A 3-day-old culture of cells, likely in the
post-diauxic phase of growth, was exposed to MMS.
Many of the genes that are induced in exponential-phase
cells responding to MMS were aready highly expressed
in the 3-day-old cells, even in the absence of the drug.
Nonetheless, the expression of these and more genes was
further induced after MMS treatment, indicating that
these starved cells were still capable of mounting a gene
expression response. In our laboratory, we have observed
that stationary-phase cultures can respond to increasing
levels of sodium chloride by altering gene expression,
further indicating that these cells are capable of initiating
a gene expression response to additional stress (M.
Werner-Washburne, unpublished data).

Yeast starvation experiments, especially those involv-
ing long-term starvation, require some caution. For ex-
ample, baseline data for long-term starvation is best ob-
tained using prototrophic cells in order to avoid confu-
sion from changes that are specific to auxotrophic
strains. Addition of exogenous auxotrophic requirements



does not guarantee that internal concentrations are iden-
tical to concentrations in prototrophs throughout the cul-
ture cycle. Secondly, it has been known for 20 years that
mRNAs isolated from cells in stationary-phase (probably
post-diauxic) cultures contained little or no poly(A)
MRNA (Sogin and Saunders 1980). To our knowledge,
this experiment has not been repeated, especially in cells
from 5- to 7-day-old cultures grown in YPD. We know
the poly(A) tail length probably doesn’t affect translation
in stationary phase because mRNA present in quiescent
cells has been shown to be translated (Fuge et al. 1994)
and poly(A) tails have recently been reported to be dis-
pensable for translation (Searfoss and Wickner 2000).
However, poly(A) tail length becomes critical when us-
ing assays based on isolation of poly(A) mRNA or using
microarray probe labeling techniques requiring poly(A)
tails. In these cases, differences in poly(A) tail length
may increase the variability of the assay, especialy in
very old cultures.

Adaptation of genomic expression
following stressful environmental changes

A recurring feature of the genomic expression responses
to environmental change is that most of these responses,
with the exception of starvation responses, are transient
(Powers and Walter 1999; Rep et al. 1999; Gasch et al.
2000; Jelinsky et al. 2000; Jia et al. 2000; Causton et al.
2001; Yale and Bohnert 2001). After a shift to a stressful
environment, cells respond with large changes in gene
expression; however, over time the gene expression dif-
ferences often subside, and transcript levels adjust to lev-
els closer to those seen in unstressed cells, even in the
continued presence of the stress. This transient period of
large gene expression changes likely represents an adap-
tation phase, during which time the cell adjusts its inter-
nal system to that required to function under the new
conditions. Consistent with this model is the observation
that there is a direct correlation between the magnitude
of the environmental shift and the duration of the adapta-
tion phase, suggesting that more time is required for
cells to adapt to a severe environmental transition
(Gasch et al. 2000).

Not al environmental stress responses result in tran-
sient gene expression changes. Under conditions that do
not permit cellular growth, such as carbon starvation,
cells enter a quiescent state to await a transition to nutri-
ent-replete surroundings (Werner-Washburne et al. 1993,
1996). In this situation, the gene expression changes that
occur as nutrients run out are not transient but rather per-
sist for long periods of time (Braun et a. 1996; Gasch et
al. 2000; M. Werner-Washburne, unpublished data). Not
al of the genes induced during entry into stationary
phase are required for survival, but it is assumed that
they are important for this phase of the life cycle. What
is known, however, is that the pattern of translated pro-
teins in these cells is essentially the same as patterns of
tranglated proteinsin dividing, respiring cells, despite the
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differences in gene expression (Fuge et a. 1994). Thus,
for quiescent cells, translational regulation is likely to be
an important level of control of protein synthesis.

Stress relief

Surviving sudden changes in environmental conditionsis
critical for survival, but equally important is the ability
to resume activity once the cell has adapted to the new
environment or has been moved to more favorable sur-
roundings. This aspect of the response to environmental
changes has not been well studied.

It has been observed that when cells growing at sub-
optimal conditions, for example elevated temperatures or
at high osmolarity, are returned to more optimal condi-
tions, most transcript levels rapidly adjust to the steady-
state program required for growth in optimal conditions
(Gasch et al. 2000). In particular, the ESR is rapidly alle-
viated with no observable transient changes in gene ex-
pression. This suggests that dividing cells can readily
adapt to optimal conditions and for the most part do not
require the large, transient changes in gene expression
seen when cells are shifted to sub-optimal environments.

In contrast, when quiescent, starved cells are provided
with nutrients, they respond with large, transient changes
in gene expression within 15 min of re-feeding, i.e. 10-
to 40-fold for some genes (M. Werner-Washburne, un-
published data). While there is a set of genes whose ex-
pression decreases as cells exit stationary phase, one of
the first groups of genes to be induced is a cohort of
genes (almost 300) that include essentially all of the ri-
bosomal protein genesin yeast. Gene expression changes
during exit from stationary phase are dynamic and in-
volve a large portion of the genome. This transition re-
quires quiescent cells to resume cell-cycle progression
and division, and the complex genomic expression pro-
gram likely reflects that this transition is more compli-
cated developmentally than shifting dividing cells be-
tween different environments.

Experimental design in exploring genomic
expression responses to stress

A number of different experimental approaches have
been used to study gene expression in cells responding to
different environments, and each method presents differ-
ent features of stress responses. The temporal patterns of
gene expression changes identified through time-course
experiments can be useful for identifying different phas-
es of a given response (including the distinct phases of
starvation, as discussed above) or distinguishing primary
versus secondary responses to a given stimulus that may
show distinct kinetics. Another approach is to use com-
plementary single time-point measurements to identify
specific aspects of a given response. For example, Lyons
et a. (2000) compared gene expression in wild-type cells
and cells lacking the zinc-responsive transcription factor
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Zaplp as the cells responded to zinc depletion. The au-
thors were able to identify 111 genes that responded to
zinc deficiency in a Zaplp-affected manner: 46 of these
genes contained the known Zaplp-binding site, while the
remaining genes may contain a distinct Zaplp-recog-
nized binding site or may be regulated by a second, yet
unidentified factor (Lyons et al. 2000). A similar experi-
mental design was undertaken by Ogawa et al. (2000) to
identify genes whose expression was regulated by phos-
phate abundance: 22 genes whose expression was affect-
ed by low phosphate and dependent on known phos-
phate-sensitive regulators were identified, and the in-
volvement of the identified gene products in polyphos-
phate synthesis and utilization revealed the importance
of this metabolite in the response to phosphate starva-
tion.

Another useful approach is to characterize the dose-
dependent effects of a given stimulus. The magnitude of
gene expression changes is proportionate to the magni-
tude of the environmental change, as observed in a num-
ber of studies (Gasch et al. 2000; Jelinsky et al. 2000;
Posas et a. 2000). Furthermore, large doses of stress
typicaly lead to more detectible changes in gene ex-
pression, perhaps because secondary effects that arise
from severe stress trigger additional expression differ-
ences. In addition to the number and magnitude of gene
expression changes, the timing of each response can
also be affected by the amount of stress (Posas et al.
2000). These observations underscore the value of dos-
age studies when studying the response to stressful
stimuli.

Advances, challenges, and future directions

The genomic expression studies mentioned here have
contributed to our understanding of yeast responses to
environmental diversity at a number of levels. Hypothet-
ical functions have been suggested for many of the un-
characterized yeast genes based on their expression pat-
terns, and a number of those hypotheses have been borne
out through experimentation (Gachotte et al. 2001; Liu
and Thiele 2001; Rabitsch et al. 2001; Valencia et al.
2001). Many of the studies mentioned here characterized
gene expression not only in wild-type cells but also
in mutant strains defective in transcription factors
(Casagrande et a. 2000; Gasch et al. 2000; Gross €t al.
2000; Jelinsky et al. 2000; Lyons et al. 2000; Ogawa et
al. 2000; Rep et a. 2000; Travers et a. 2000; Causton et
al. 2001), general repressors and chromatin remodeling
factors (DeRisi et a. 1997; Fazzio et a. 2001), and sig-
naling pathways and cell sensors (Jung and Levin 1999;
Li et al. 2000; Posas et al. 2000; Rep et al. 2000; Roberts
et al. 2000; Gasch et al. 2001) that have been implicated
in each response. In fact, in some cases the regulatory
factors involved in a response (for example, Rpndp in
the response to MMS) were initially implicated by the
gene expression program in wild-type cells, based on the
presence of the known binding sites of regulatory factors

in the promoters of coexpressed genes (Jelinsky et al.
2000; Gasch et al. 2000). On a more global scale, mech-
anisms that yeast cells use to survive stressful environ-
ments have been inferred from the published set of gene
expression studies. These mechanisms include specific
gene expression changes that counteract the challenges
of each environment as well as the ESR, which may gen-
erally protect the cell in response to diverse environmen-
tal insults.

There is still a great deal to learn about stress re-
sponses at the level of gene expression. Time-course ex-
periments, based on careful experimental design, will
eventually allow us to distinguish the individua re-
sponses to each environmental feature, an important
consideration given the pleiotropic nature of most envi-
ronmental changes. To date, most published microarray
studies have characterized gene expression in popula-
tions of asynchronous cells, and an important question
is how the genomic expression programs differ in syn-
chronized cultures and individual cells. Along this line,
it was recently shown that the genomic expression re-
sponse to DNA-damaging agents is different in cells
synchronized at different points in the cell-cycle (Jelin-
sky et al. 2000). Furthermore, that individual cellsin a
population show differential resistance to a given stress-
ful condition hints that there may be cell-specific differ-
ences in the responses, including gene expression
changes (Sumner and Avery 2002). Finally, we do not
know the ability of quiescent cells to respond to addi-
tional stresses, and athough there is some indication
that these cells can mount additional gene expression re-
sponses, the extent and dynamics of these responses are
not yet known.

Genomic expression studies performed to date have
provided a starting point for understanding the mecha-
nisms that yeast use to survive some of the environmen-
tal conditions that cells experience in the wild. Charac-
terization of the individual genes whose expression is
affected under different situations will help us to better
understand the roles served by their gene products. Inte-
grating genomic expression data with information about
global changes in protein synthesis and metabolites, as
well as information gained from more classical meth-
ods, will provide a more complete picture of the cellular
adaptation to environmental variation. This information
will not only contribute to our understanding of yeast
responses to stress in natural environments, but can also
be applied to commercial uses of this organism (Attfield
1997). Finally, a better understanding of yeast responses
to environmental stress will contribute to other areas of
research, for example understanding the connection be-
tween stress and aging, mapping signal transduction
pathways, identifying novel antibiotics, and exploring
the evolution and adaptive significance of stress re-
sponses in yeast and other organisms.
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